Summary. Effects of sham-pinealectomy and pinealectomy on preganglionic nerve endings on adrenomedullary adrenaline cells were investigated electron microscopically. Adult male golden hamsters from the normal, shampinealectomy and pinealectomy groups maintained under 24 h light-dark cycle and constant temperature were used at 28 days after surgery. From conventional electron microscopic specimens, montage photographs made of the adrenaline cell region at a magnification of 11,000 were used for qualitative and quantitative electron microscopic analyses in 14 animals in each experimental group. The preganglionic nerve endings were localized mainly in the following three sites: the basal lamina part, the follicular lumen-junctional intercellular part, and the adrenaline cell-invaginated part. In the latter two parts, nerve endings and fi bers had no envelope frequently, and in the former two parts, nerve endings sometimes showed the invagination complex. The frequency of nerve endings was highest in the follicular lumen-intercellular part, next highest in the basal lamina part and lowest in the A cellinvaginated part. The frequency of nerve endings in the 
Introduction
It has well been established that various pineal activities including the synthesis and secretion of pineal hormone, melatonin, show circadian rhythms and are markedly influenced by environmental factors such as light and temperature, and that melatonin plays important roles in photosensitive seasonal reproductive activities (Malpaux et al., 2001; Arendt, 2006; Kachi, 2007) . Therefore, it is very likely that seasonal breeders and hibernators such as the golden hamster have environmental adaptation mechanisms with high sensitivity or unique response pattern to the pineal hormone. Thus, the golden hamster is an interesting animal species to study effects of the pineal hormone.
In recent years, numerous studies have been done to clarify whether and what influences are exerted by the pineal hormone on the sympatho-adrenomedullary system which is involved in body's adaptive regulatory mechanisms (for review see: Kachi, 1987; 2007; Kachi et al., 1998) . In many of those, the rat, a non-seasonal breeder and non-hibernator, has been used as an experimental animal. Concerning the adrenal medulla, a series of studies on the effects of sham-pinealectomy (SPX) and pinealectomy (PX) on adrenomedullary adrenaline (A) and noradrenaline (NA) cells and nerve endings have been done by us using quantitative LM and EM methods in the rat (Kachi et al., 1979 (Kachi et al., , 1980 (Kachi et al., , 1988 (Kachi et al., , 1993b . In the golden hamster, however, reports on the same subject have been limited to only a few, i.e. on exocytosis, mitochondria and met-enkephalin immunoreactivity in A cells and on synaptic vesicles in nerve endings on A cells (Kachi et al., 1985; 1988; Kimura and Kachi, 1996) .
For a long time, the unique nature of the adrenal medulla of the golden hamster has received much attention. For example, it has been reported that chromaffi n cells are arranged in a follicular manner (Ito, 1958; Al-Lami, 1970) , show intracellular polarity (Kachi et al., 1985; Kajihara et al., 2007) and contain high levels of opioid peptides (Franklin et al., 1991; Kimura and Kachi, 1996) . Recently, it has been suggested that mechanisms of syntheses and processing of opioids and their neural regulation have relatively high importance in their endocrine function of adrenomedullary A cells in the golden hamster compared with the rat (Kajihara et al., 2007) .
On the other hand, synaptic morphology and plasticity are important research subjects in both the peripheral and central nervous systems (Kandel et al., 2000; Shepherd, 2004; Ganong, 2005) . Synaptic plasticity is thought to underlie a range of long-term adaptive responses of the nervous system, and to unravel the control mechanisms of synaptic plasticity is important relating to not only development, learning and memory but also the therapy of various psychiatric and neurological disorders (Turrigiano, 1999; Binder and Scharfman, 2004; Kuipers and Bramham, 2006) . In this context, recently, dendritic spine and filopodium dynamics have intensively been investigated (Maletic-Savatic et al., 1999; Shepherd, 2004; Ji et al., 2005; Johnson and Ouimet, 2006) . The existence of somewhat similar but different structure, the invagination complex, and its changes under experimental conditions have been reported in preganglionic nerve endings on chromaffin cells in the rat adrenal medulla (Kachi et al., 1980) . Basic qualitative and quantitative studies on preganglionic nerve endings in the adrenal medulla at the EM level were done previously, e.g. by Coupland (1965) , Grynszpan-Winograd (1974a) and Kachi et al. (1979 Kachi et al. ( , 1993a .
However, so far no investigations have been done on changes in the frequency, shape and/or size of nerve endings in different intracellular parts of adrenomedullary chromaffin cells under certain experimental conditions, and more studies on nerve endings in the hamster adrenal medulla have been required. Therefore, in this study, effects of PX on the position, shape and size of preganglionic nerve endings on adrenomedullary A cells were further examined in the normal (NO), SPX and PX groups following the previous studies using the same golden hamsters.
Materials and Methods
A total of more than 48 adult male golden hamsters (Mesocricetus auratus) were used. Animals were obtained at 60 days of age and kept under a 24 h (LD 12:12) light-dark cycle and a constant room temperature (22 2 ) in the windowless room. White fluorescent ceiling lamps were switched on during the daily light period. In the corner of the room, a faint red light was on continuously. Purina lab chow and water were provided ad libitum throughout the experiment. After acclimation for at least ten days, these animals were divided into three experimental groups, i.e. the NO group, the SPX group, and the PX group. In general, three animals were kept in one cage. Surgical operation was carried out under weak ether anesthesia. PX was performed following the method by Quay (1965) . SPX was a sham-operation of PX, i.e. the cranial skin was cut open and the skull was opened using an electric drill for dentists, and then a slit of 3 mm in length was made in the meninges and fi ne-tip forceps were inserted underneath with both the pineal and brain left undisturbed. The animals were transferred into a cage for recovery 5 to 10 min after surgery. The wound healed within a week, and the postoperative mortality rate was 10% or less.
At 28 days after surgery, each animal was quickly removed from its cage and decapitated 11 h after lights on (ca. 09:00 AM) or 1 hour after lights off (ca. 11:00 AM). After decapitation, the left adrenal gland was quickly extirpated and gently cut into half with a razor blade. Afterwards, adrenals were prefixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer for 75 min. After prefi xation, adrenal medullas were separated from the cortical tissue and cut into small blocks of ca. 1 mm The invagination complex (arrows) is seen. S: supporting cell; NE: nerve ending. 25,000. B: Nerve ending on an A cell facing the perivascular space. S: supporting cell, NE: nerve ending. 25,000. C: Nerve ending in the follicular lumen. The invagination complex (arrow) is seen. *: follicular lumen; : nerve ending. 10,800. D: Nerve ending in the follicular lumen. : follicular lumen, : nerve ending. 10,800. E: Nerve ending in the A cell adjacent part . NE: nerve ending. 10,800. F: Nerve ending in the deep cytoplasm near the nucleus encircled by an invaginated A cell membrane. This nerve ending profi le is small in size. NO animal. NE: nerve ending. 10,800. G: Nerve ending in the deep cytoplasm of an A cell. This nerve ending is large in size, the profi le is nearly circular in shape, and synaptic vesicles accumulate densely. Pinealectomized animal. NE: nerve ending. 10,800 size as one mesh hole were made. Well-fixed blocks were selected and used for making these EM montage photographs from 14 animals in each experimental group. Using these EM montage photographs, sympathetic preganglionic nerve endings on A cells were examined qualitatively and quantitatively. The frequency of nerve endings on A cells was counted separately in each part of the A cells. In addition, for the nerve endings which exist in the cytoplasm of A cells both are surrounded by the invaginated plasma membrane, the longer and the shorter diameters were measured in all the profi les encountered in each experimental group. For the statistical analysis of the data, the chi-square test and the Student-Fisher t-test were used.
Results
Plasma membrane profiles of A cells were divided into two parts, i.e. the profiles facing, and those not facing, the perivascular space. In the former part, an A cell was exposed to the perivascular space indirectly via the basal lamina, and in the latter, an A cell adjoined other A cells, or faced the follicular lumen, without a basal lamina. Usually two plasma membrane profiles of adjoining A cells were closely adjacent to each other, but sometimes a relatively large space existed between two A cells, where nerve fi bers, nerve endings, processes of supporting cells and other structures were seen.
Adrenomedullary preganglionic nerves were observed in the perivascular space and various sites of the parenchyma (Fig. 1) . In the terminal part of the nerves, supporting elements decreased in amount and the nerve fibers and endings often lost their proper sheath or envelope. Nerve ending profiles varied in size, and sometimes displayed invagination(s) accompanied with protrusion(s) of the A cell cytoplasm and occasionally with coated pits on the presynaptic side; these were designated as the invagination complex (Kachi et al., 1980) . In rare cases, a nerve ending profile assumed a complicated shape as a whole due to many invaginations. And sometimes, but not so often, exocytotic fi gures in the A cell plasma membrane were seen in the synaptic zone.
The localizations of these nerve endings were divided into the following three types in relation to their surrounding structures (Fig. 2) . 1) 'Basal lamina part': Nerve endings exist on the plasma membrane facing the perivascular space and between the plasma membrane and the basal lamina.
2) 'Follicular lumen and junctional intercellular part': Nerve endings exist on the plasma membrane between two adjacent A cells or facing the follicular lumen.
3) 'A cell-invaginated part': Nerve endings exist deeply in the cytoplasm of A cells surrounded by their invaginated plasma membranes.
In each of these three parts, the shape and size of nerve endings and effects of experimental procedures on those were examined. In all three experimental groups, most nerve ending profi les displayed a fl attened shape in both the 'basal lamina part' and the 'follicular lumen and junctional intercellular part', and in contrast, circular or oval shapes in the 'A cell-invaginated part'. Similarly, the size tended to be smaller in the 'A cell-invaginated part' than in the 'basal lamina part' and 'follicular lumen and junctional intercellular part.' Generally the invagination complex was not seen in nerve endings of the 'A cellinvaginated part' which existed mostly on the basal lamina side of the nucleus.
The frequency of nerve endings in each part was described bellow. The total number of observed nerve endings in the NO group (animal number: N=14), the SPX group (N=14) and the PX group (N=14) was 391. In all three groups, no difference due to the time of day was refl ected in the frequency, which showed the highest value in the 'follicullar lumen-junctional intercellular part' (NO, 81/133, 60.9%; SPX, 75/143, 52.4%; PX, 73/115, 63.5%), next highest in the 'basal lamina part' (NO, 40/133, 30.1%, SPX, 56/143, 39.2%; PX, 24/115, 20.9%), and lowest in the 'A cell-invaginated part' (NO, 12/133, 9.0%; SPX, 12/143, 8.4%; PX, 18/115, 15.7%). Difference between the NO and SPX groups was not seen in the frequency of nerve endings in each part, although a tendency of the increase was seen in the 'basal lamina part'. The frequency decreased in the 'basal lamina part' (P<0.021) and increased in the other two parts in the PX group compared with the SPX group (Fig. 3) . The relative ratios between frequency values of experimental groups showed apparent changes in the 'basal lamina part' (NO vs PX 1.4 : 1, SX vs PX 1.9 : 1) and in the 'A cell-invaginated part' (NO vs PX 0.6 : 1, SX vs PX 0.5 : 1) and no changes or tendency of a slight increase in the PX group in the other part (SX vs PX 0.8 : 1).
The sizes of nerve endings in the 'A cell-invaginated part' which showed relatively regular and circular shapes were compared among three experimental groups. Both the longer diameter (experimental group, number of cases, mean SE: NO, 12, 1.84 0.17 m; SPX, 12, 1.75 0.28 m; PX, 12, 2.55 0.24 m) and shorter diameter (NO, 1.14 0.12 m; SPX, 1.28 0.23 m; PX, 1.89 0.18 m) showed higher values in the PX group than in both control groups (longer diameter, P<0.04; shorter diameter, P<0.05). The relative ratios between mean values of experimental groups were about 1.4 to 1.7 (longer diameter, NO vs PX 1.4 : 1; SX vs PX 1.5 : 1) (shorter diameter, NO vs PX 1.7 : 1; SX vs PX 1.5 : 1).
Discussion
As shown in the results, position, shape, and envelope of preganglionic nerve endings in the adrenal medulla of the golden hamster were similar to the previous description in the rat and the golden hamster (Coupland, 1965; Grynszpan-Winograd, 1974a, b; Kachi et al., 1979 Kachi et al., , 1980 Kachi et al., , 1993a . But the frequencies of nerve endings in the three portions were shown here for the fi rst time. The frequency of nerve endings in the 'follicullar lumen-junctional intercellular part' was highest (>50%), and showed no apparent changes following PX. Therefore, even if activity levels of these nerve endings change following PX, the changed levels are probably reflected, not by positional changes of nerve endings, but by ultrastructural changes such as those in the synaptic vesicle and the invagination complex (Kachi et al., 1979 (Kachi et al., , 1980 (Kachi et al., , 1988 ; see also Kachi et al., 1996 Kachi et al., , 1998 . Nerve endings in this part did not have their envelopes frequently. Nerve endings in the 'basal lamina part' had their proper envelopes and the invagination complex, and the frequency of these endings was 20 to 40 %. Nerve endings in the A cell-invaginated part showed the lowest frequency and had neither their proper envelopes nor the invagination complex.
Following PX, the frequency of nerve endings decreased in the 'basal lamina part', and increased in the 'A cell-invaginated part', and also the size of nerve endings increased in the 'A cell-invaginated part'. When the volume increase occurs in nerve endings in a particular part, the frequency of nerve endings in that part is considered to be overestimated. Therefore, the frequency change of nerve ending profi les in the 'A cell-invaginated part' are at least partly explained by their volume changes. However, it remains undetermined whether the volume of nerve endings in the 'basal lamina part' decreases, and whether part of nerve endings in the 'basal lamina part' are translocated into the deep parenchymal portions, following PX. More detailed studies would be needed to clarify these points. But at least the present results strongly suggest that concerning the activity of neural regulation of A cells, the relative strength between nerve endings in these two parts can be changed by the pineal hormone, i.e. can be increased in the 'A cell-invaginated part' following PX. Relating to these, it seems reasonable to make the following speculation. Namely, nerve endings in deeper portions such as the 'A cell-invaginated part' are adequate for massive synthesis and secretion of A cell hormones in an activated state; in contrast, nerve endings in the 'basal lamina part' are more adequate for sending secretory signals to a small amount of chromaffi n vesicles in the near-by narrow cytoplasmic area (Giner et al., 2007) in a less-activated state of A cells. On the other hand, the follicular lumen has been considered to be an exceedingly wide intercellular space, and the close relationship between the follicular lumen and the perivascular space or blood stream has been pointed out (Ito, 1958; Al-Lami, 1970; GrynszpanWinograd, 1974a,b) . In addition, granules expelled from A cells by exocytosis have been shown between A cells (Grynszpan-Winograd, 1974b ) and between A cell and nerve ending (Kachi et al., 1985) . Therefore, it seems possible that substances which entered from the perivascular space and/or secreted from A cells into the follicular lumen and intercellular space exert regulatory/ modulatory influences on, or are taken up by, those nerve endings and fibers without envelop. In addition, adrenomedullary chromaffi n cells in the golden hamster have a thick layer of mucopolysaccharides which can be extensively hydrated (Benedeczky and Smith, 1972) . These results suggest that lipid-soluble hormones such as melatonin probably can exert more strong infl uences on neural elements than on chromaffi n cells, particularly in the 'follicullar lumen-junctional intercellular part'. Thus, although it is almost reliable that at least a part of effects of pineal hormone are transmitted to the functional unit of preganglionic nerve endings and chromaffi n cells in the adrenal medulla via primary targets in central autonomic networks in the brain (Kachi, 2007) , an additional possibility seems to exist in the golden hamster adrenal medulla that activities of preganglionic nerve endings on chromaffi n cells are also infl uenced, at least to a certain extent, directly by melatonin or indirectly by other substances at the peripheral level. More experiments are needed to clarify these points. In any case, all these results indicate that there exist at least three distinct types of nerve endings in the adrenal medulla of the golden hamster, although exact functional role of each type of nerve endings remains to be unravelled.
The present results on nerve endings in the 'A cell invaginated part' seem to accord with our previous results. Namely, in adrenomedullary A cells and nerve endings on them in golden hamsters, PX causes increases in the frequency of exocytotic fi gures in the perivascular spacefacing plasma membrane (Kachi et al., 1985) , the number of mitochondria per A cell and the packing density of small clear vesicles in nerve endings (Kachi et al., 1988) . Many morphometrical data on A cells and nerve endings on them in rats have also indicated that PX causes increased functional activities of A cells (for review see: Kachi, 1987; Kachi et al., 1988 Kachi et al., , 1996 Kachi et al., , 1998 . In contrast, it has been reported that SPX or melatonin causes increased met-enkephaline levels in adrenomedullary A cells, which are suppressed by PX or light, and that these effects are more evident in golden hamsters than in rats (Kachi et al., 1993b; Kimura and Kachi, 1996) . Related reports have also appeared that increased opioid levels are induced by decreased preganglionic nerve activity in the adrenal medulla (Schultzberg et al., 1978; Lewis et al., 1981) and that opioid peptides exert inhibitory actions on the secretory activity of chromaffi n cells (Jarry et al., 1989; Kitamura et al., 2002) and on the neuronal growth (Zagon and McLaughlin, 1993) .
From previous and present results, adrenomedullary nerve endings seem to be a good model to investigate synaptic plasticity of the nervous system and effects of hormones and other factors on it. In conclusion, preganglionic nerve endings in the adrenal medulla of the golden hamster show differential morphological changes following PX depending on the region in A cells.
